Introduction
The CD4 and CD8 coreceptors have important roles in supporting antigen-specific T cell activation in conjunction with T cell receptors. Coexpression of these 2 receptors by T cells is widely accepted as a phenotypic trait during thymocyte development. Following the process of negative selection, which takes place in the corticomedullary junction of the thymus, CD4 + CD8
+ DP thymocytes are believed to commit to either the CD4 or the CD8 lineage. Consequently, mature T cells expressing only CD4 or CD8, but not both, leave the thymus [1] . This is supported by the tight control of the transcriptional program regulating the expression of CD4 or CD8 at peripheral sites [2] .
Two opposing transcription factors, ThPOK and RunX3, facilitate a CD4 or a CD8 lineage commitment, respectively [3] [4] [5] [6] . ThPOK and RunX3 expression is reported to be mutually exclusive in peripheral tissues [2, 4, 7] . Therefore, when a small T cell population expressing both CD4 and CD8 coreceptors in human peripheral blood was first described [8] , the hypothesis emerged that DP thymocytes may somehow escape the thymus prematurely [7, 9, 10] . Such extrathymically occurring DP thymocytes were thought to eventually become mature, SP T cells at peripheral sites through down-regulation of CD4 or CD8 [2] , which indicates a short-lived or transient, DP T cell population.
However, the possibility also exists that peripheral DP T cells are actually distinct, undescribed, T cell lineage cells. This alternative hypothesis suggests that mature, peripheral, SP T cells up-regulate either the CD4 or the CD8 coreceptor [2] . In support of this theory, canine DP T cells at peripheral sites can originate from both CD4 + and CD8 + SP T cells upon in vitro stimulation [11, 12] . Moreover, the expression of memory T cell markers by peripheral DP T cells casts further doubt on these cells being premature extrathymic DP thymocytes [13] [14] [15] [16] . Unlike DP thymocytes, which have a typical lifespan of only 3-4 d, DP T cells isolated from peripheral sites have been described as retaining their phenotype in vitro for .1 yr [2, 17] . Together, the available evidence contradicts the idea that DP T cells in the periphery are prematurely seeded thymocytes, and the origin of peripheral DP T cells, therefore, remains controversial. The functional attributes of DP T cells also remain controversial. Recently, CD4 low CD8 high ab DP T cells sorted from cell lines obtained from the tumor-invaded LNs of patients with melanoma were described to be poorly cytotoxic but also to substantially increase CD40L expression upon activation, leading to the induction of B cell proliferation and differentiation and the maturation of dendritic cells capable of effectively priming cytotoxic, melanoma-specific CD8 T cell responses [18] . However, other studies report DP T cells to be both suppressive and cytotoxic, and these cells have been described in association with numerous infectious and autoimmune diseases, as well as in various cancers (see Overgaard et al. [2] for review).
In this study, we investigated DP T cells present in peripheral murine tissues and defined their responsiveness to skin vaccination. Our results demonstrate that absolute DP T cell numbers are significantly enhanced in all peripheral sites tested after the administration of a powerful adjuvant into the skin. Moreover, DP T cells were also found to infiltrate the skin in response to vaccination, suggesting that this cell population responds directly to inflammatory signals from the skin.
MATERIALS AND METHODS

Mice
C57BL/6J mice were purchased from the Animal Resources Facility (Perth, WA, Australia). CD1d 2/2 and Ja18 2/2 mice were bred and maintained at the Translational Research Institute Biologic Research Facility (Brisbane, QLD, Australia). Mice were 6-12-wk-old females housed under specific pathogenfree conditions. Animal procedures were approved by the University of Queensland Animal Ethics Committee.
Cell isolation
Blood samples were collected in heparinized tubes. Spleen and LNs were passed through a 40-mm cell strainer (BD Biosciences, Franklin Lakes, NJ, USA), and RBCs were lysed using ACK (ammonium-chloride-potassium) lysis buffer. Ear and flank skin (1 cm 2 ) was cut into small pieces and digested in warm RPMI 1640, with 2% FBS, 3 mg/ml collagenase D, and 5 mg/ml DNase I (F. Hoffmann-La Roche, Basel, Switzerland) for 90 min at 37°C. Samples were vortexed every 30 min, and cells were passed through a 70-mm cell strainer and a 40-mm cell strainer before use.
Flow cytometry
Blood, spleen, and LN suspensions were treated with 1-mg Fc block (purified rat anti-mouse CD16/CD32: isotype rat IgG2b, clone: 2.4G2; BD Biosciences), and skin samples were treated with 5-mg Fc block and 10-ml rat serum (Applied Biological Products, Aldinga Beach, SA, Australia) before staining with Abs (Ab details can be found in Supplemental Table 1 , and isotype control Ab details can be found in Supplemental Table 2 ). Samples were acquired using an LSR II (BD Biosciences) flow cytometer and data analyzed with Kaluza Analysis Software (Beckman Coulter, Brea, CA, USA). Enumeration of cells was performed with a flow-based, bead-counting assay as previously described [19] .
In vivo treatments CASAC was used as described elsewhere [20, 21] 
Analysis of DP surface marker expression using the Amnis ImageStream
Splenocytes and LN cells from 16 naïve C57BL/6 mice were pooled, treated with Fc block, and stained with anti-CD8b FITC and anti-CD4 biotin followed by streptavidin BV421 (Supplemental Table 1 ). Cells were resuspended in PBS with 0.1% FBS and 20 mM EDTA, and 323,795 on-focus cells were analyzed using the Amnis ImageStream (Millipore Sigma, Billerica, MA, USA). The raw image files were analyzed with Amnis IDEAS software (Millipore Sigma), as previously described [22] .
Cell sorting
Spleen and LNs from C57BL/6 mice were processed as described above and treated with 0.25 mg DNase I (F. Hoffmann-La Roche) for 15 min at 37°C. Cells were stained with anti-CD3 biotin, followed by streptavidin BV421, antiCD8b APCs, anti-MHC class II APC-Cy7, and anti-CD4 PE (Supplemental Table 1 ), followed by resuspension in PBS, with 0.1% FBS and 20 mM EDTA. Multiple rounds of sorting were carried out using the MoFlo XDP (Beckman Coulter).
Statistical analysis
All statistical analysis was carried out using GraphPad Prism version 6.02 (GraphPad Software, La Jolla, CA, USA) with t tests and 1-way ANOVA (followed by a posttest for multiple comparisons) as indicated. Error bars represent means 6 SEM. *P , 0.05 was considered significant. **P , 0.005; ***P , 0.001; ****P , 0.0001 are indicated.
RESULTS AND DISCUSSION
CD4
+ CD8 + DP T cell populations are readily detectable in peripheral immune sites
+ DP T cells have been described in mouse intestines [23] ; however, their presence in other peripheral immune sites is poorly established. To define the presence or absence of CD4 + CD8b + DP T cells in the blood and peripheral lymphoid organs of naive mice, blood, spleen, and LNs (Ing, Sub, and Ax) were harvested, and DP T cell populations analyzed by flow cytometry (Fig. 1A) . All tissue sites demonstrated the presence of DP T cells with the percentage represented as a proportion of total T cells ranging from 0.40 to 3.34% (Fig. 1B) . Isotype control staining showed little evidence of nonspecific Ab staining (Fig. 1C ).
Peripheral CD4 + CD8 + DP T cell populations are not NKT cells
As the detection of DP T cells involves gating on CD3
+ cells, DP T cells could potentially be a subset of NKT. In fact, NKT cells can exhibit a CD4 + CD8a + DP phenotype in macaques and humans [24, 25] . Therefore, we examined the presence of DP T cells in CD1d 2/2 mice and Ja18 2/2 mice, which lack all NKT cells or only invariant NKT cells, respectively. DP T cells were readily detectible at comparable numbers in the blood, spleen, and LNs (Ing and Ax) of wild-type (C57BL/6) and NKTdeficient (CD1d 2/2 and Ja18 2/2 ) mice (Fig. 2) . The data, therefore, indicate that peripheral DP T cells are not an NKT cell subset.
CD4
+ CD8 + DP T cell numbers increase after adjuvant administration into the skin
Conventional CD4
+ and CD8 + T cell abundance is often increased by immunization. To determine whether DP T cell abundance is also influenced by immunization, we immunized [20] or Quil A (unpublished results). As shown in Fig.  3A , the percentage of DP T cells at each site tested increased (compared with Fig. 1B ) with the DP percentage of total T cells ranging from 1.35 to 6.23%. Isotype control staining showed little evidence of nonspecific Ab staining (Fig. 3B) . A comparison of absolute numbers of DP T cells between CASAC adjuvantimmunized and Quil A adjuvant-immunized mice revealed that only CASAC-immunized mice showed a significant increase in DP T cell numbers at all sites examined when compared with PBSimmunized control mice (Fig. 3C ). These findings suggest that the activation of DP T cells is controlled by specific inflammatory cues from the skin.
To define whether local adjuvant immunization stimulates the infiltration of DP T cells into the skin, we analyzed flank (injection site) and ear (internal control) skin 7 d after injection of either PBS, Quil A, or CASAC. A clearly defined DP T cell population was not detected in either ear or flank skins of PBSinjected mice (Fig. 3D) or Quil A-injected mice (data not shown). In contrast, DP T cells were readily detectible in CASACimmunized flank skin and also appeared to infiltrate the ear skin (Fig. 3E) . The weaker responses observed after Quil A immunization, when compared with CASAC, are likely due to differences in cellular-activation pathways; CASAC, for example, contains 2 TLR agonists, CpG and MPL. However, just which signals lead to DP T cell activation is still unclear. Despite an increase in absolute numbers in response to adjuvant immunization, it is not yet clear whether this increase was due to proliferation of DP T cells or to migration of those cells from other sites.
Definitive resolution of CD4 + CD8 + DP T cells from CD4 + and CD8 + T cell aggregates
Although the existence of DP T cells at peripheral sites is now proven [2] , some early reports suggested that most CD4 + CD8 + DP events observed by flow cytometry could be aggregates between CD4 + T cells and CD8 + T cells [26] . To investigate whether the increased abundance of DP T cells after CASAC immunization could be explained by an increase in the adhesiveness of activated cells, activated splenocytes (CASACderived) and naive splenocytes (PBS-derived) were stained for + cells, and representative flow cytometric plots from 2 independent experiments are shown (n = 6). ns, not significant; CAS, CASAC. Statistical evaluation in (C) by 1-way ANOVA followed by a posttest for multiple comparisons. *P , 0.05, **P , 0.005, ***P , 0.001, ****P , 0.0001. CD3 and MHC class II. Half of the cells in both groups were additionally stained for CD4 only, and the other half were additionally stained for CD8b only. Samples were then analyzed via flow cytometry, and a clear staining for either CD4 or CD8b, but not both, was observed for both activated and naïve splenocyte populations (Fig. 4A, first and second panels) . Isotype staining was performed, which confirmed Ab-specific staining (data not shown). However, when a small fraction from the CD4 and CD8b single-stained groups were mixed just before flow cytometry acquisition, a distinct DP T cell population was present in the CD4 + CD8
+ DP quadrant (Fig. 4A, third (Fig. 4A , fourth panel vs. third panel), but no difference in aggregate formation was observed between activated and naive cells (Fig. 4B and C) . MHC class II is expressed by activated human CD4 + T cells [27] , which raises the possibility that MHC class II could be a T cell activation marker. This has also been described in other species, including cattle, equines, and rats [28] [29] [30] [31] [32] ; however, for most murine T cells, this was not found to be the case [33, 34] . Therefore, a gating strategy excluding MHC class II + cells is appropriate in this system.
Importantly, CD4
+ CD8 + DP Mfs have been described [35] , which will also be excluded using this gating strategy. In summary, our data confirm that CD4 + T cells and CD8 + T cells can form aggregates and may appear to be DP T cells by flow cytometry, despite the conventional pregating strategies used to exclude doublets.
Given the demonstration that CD4
+ T cells and CD8 + T cells form aggregates that can be misidentified as DP T cells, it was important to confirm the actual existence of DP T cells at peripheral sites. We, therefore, used the Amnis ImageStream to visualize splenocytes and LN cells from naive C57BL/6 mice stained with Abs against CD3, CD4, and CD8b. Single cells were selected using the aspect ratio of the BF vs. the area of the BF (Fig. 5A, red box) , as previously described [22, 36] . Because the aspect ratio is obtained by dividing the height of each cell by its width [22] , cell debris has a high aspect ratio; however, the area is small, resulting in debris appearing along the extreme y-axis (Fig. 5B) . In addition to selecting an area (BF) that is large enough to exclude cell debris, an aspect ratio (BF) cutoff value around 0.5 is normally used to eliminate large cells, doublets, and cell clusters [36] (see Fig. 5B for schematic outline). In our gating strategy, we used a very stringent threshold to define single cells with an aspect ratio (BF) above ;0.8 (Fig. 5A, red box) . Live (7-AAD 2 ) single cells were then analyzed for expression of CD3, CD4, and CD8b (Fig. 5C ). Importantly, a putative CD3 each event in the CD4 + CD8 + DP gate (Fig. 5C ) with the corresponding BF image. As shown in Fig. 6A and B, in addition to true CD4 + CD8 + DP cells (Fig. 6A) , some events were indeed due to aggregate formation (Fig. 6B) . Moreover, no obvious difference in expression level (as indicated by the staining intensity) of either the CD4 or the CD8 marker was observed when comparing a true CD4 + CD8 + DP cell (Fig. 6A ) and an aggregate of CD4 SP and CD8 SP cells (Fig. 6B , red crosses indicate location of the particular event). Thus, even using highly stringent gating strategies, aggregates were still found in the DP gate, and the expression level of the 2 coreceptors did not allow distinction between true CD4 + CD8 + DP cells and aggregates.
The true abundance of CD4 + CD8
+ DP T cells in the periphery
Although it has been suggested that double-cell aggregates have a clearly defined size/area profile when compared with single CD4 + CD8 + DP T cells [26] and should, therefore, be excluded using single-cell gating strategies, we did not find this to be the case for either flow cytometry or Amnis ImageStream analysis.
Having determined that CD4 + T cell and CD8 + T cell aggregates contaminate estimates of CD4 + CD8 + DP T cell abundance, and to determine the true abundance of DP T cells, we established an optimized cell-sorting protocol. We pooled spleens and LNs and performed multiple rounds of FACS sorting, as well as minimizing cell adherence by including DNase treatment. Standard doublet-exclusion based on the area and width of forward light scatter and side scatter of light was followed by gating for viable CD3 + MHCII 2 cells. DP T cells were then sorted ( (Fig. 6D) . A second round of sorting was then conducted, resulting in a DP T cell population purity of 92.7% after sorting as depicted in Fig. 6E . Although we started with an estimated DP T cell population (by flow cytometry and from pooled tissues) comprising ;0.2% of total T cells (Fig.  6C ), our calculations suggest that the true abundance of DP T cells was closer to 0.02% (10-fold lower).
In conclusion, we demonstrate the existence of DP T cells outside the thymus in peripheral sites in the mouse, as determined by Amnis ImageStream. Activation signals or inflammatory cues from the skin were found to be an important modulator of DP T cell abundance in a range of sites, in particular, the skin and the draining LNs. Because many studies have reported contradictory results regarding the function of DP T cells (as reviewed in Overgaard et al. [2] ), our results, which highlight the difficulties in obtaining a pure DP T cell population by a conventional FACS sorting approach, clearly demonstrate that most cells previously characterized as DPs, are, in fact, aggregates. Despite this, our definitive identification of a population of true DP cells in the periphery, which appear to respond to antigenic challenge, necessitates further investigation of this population. However, our study also demonstrates that a highresolution, uniform, single-cell approach is essential for the accurate analysis of these cells. We, therefore, agree with a recent study stating that DP T cells need individual consideration and a uniform approach regarding determination of origin, phenotype, and function to avoid additional contradicting reports [37] . + DP cells.
